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In this work, a genosensor for the electrochemical detection of genomic DNA from Mycobacterium tuber-
culosis was developed. The biosensor is based on self-assembled monolayers of mercaptobenzoic acid
(MBA) and magnetite nanoparticles (Fe3O4Nps) on bare gold electrode for immobilization of DNA probe.
The aim of this work was the development of a platform based on cysteine-coated magnetic Fe3O4Nps
linked via the carboxylate group from MBA to the work electrode surface and subsequently to the
DNA probe. The probe–genome interaction was evaluated using a [Fe(CN)6]4�/[Fe(CN)6]3� redox pair.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to evaluate the
bioelectrochemical behavior of the sensor. Atomic force microscopy images showed Fe3O4Nps immobi-
lized across the electrode surface. The interaction of the sensor with different genome DNA concentra-
tions resulted in changes in the charge transfer resistance, indicating a possible use for tuberculosis
detection at low concentrations (detection limit of 6 ng lL�1).

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Tuberculosis (TB) is a common infectious disease caused by
Mycobacterium tuberculosis and is one of the most widespread
causes of death from a single infectious agent. The World Health
Organization estimates that millions of new cases are discovered
every year, resulting in �2.4 million of deaths. Conventional meth-
ods for TB diagnosis, such as bacteriological culture, radiographic
methods, polymerase chain reaction, restriction fragment length
polymorphism, immunoassays and southern hybridization tech-
niques are expensive, time-consuming and laborious [1]. Diverse
molecular methods have been developed for the direct identifica-
tion of TB [2,3]. Due to the precedence of TB as an important public
health issue and the spread of drug-resistant tuberculosis the
development of a new and rapid method for diagnosis is crucial.
TB is a worldwide public health problem which demands new
methods for diagnosis that include portability, cost-efficiency,
and the possibility for reuse. To overcome these limitations,
electrochemical assays have been used to provide a simple,
reliable, inexpensive, sensitive, and selective platform for the
deoxyribonucleic acid (DNA) detection [4].

Electrochemical biosensors are based on the application of
low AC voltage overlaid onto a DC bias potential for the sensing
electrode, and the AC current obtained thereof in the steady
state [5]. It is important to note that the applicability of electro-
chemical impedance spectroscopy (EIS) in the development of
biodevices has been increasing [6–9]. EIS has become one of
the most used techniques for the development of biosensors
since it is a useful tool to evaluate the interactions between bio-
molecules. In this context, this technique has found diverse
applications in distinct fields due to its sensitivity and effectivity
for analyzing interfacial phenomena in modified electrodes,
essentially becoming an excellent alternative to traditional meth-
ods of diagnosis [10,11]. Compared to other techniques, one of
the advantages of EIS is that it provides information about elec-
trode kinetics and the electrical double layer. Cyclic voltammetry
(CV) is a method that provides the interface information of a
biologically modified electrode, enabling monitoring of the rate
of charge transfer between the electrode and the solution [12].
Electrochemical techniques have been extensively used to char-
acterize the development of biosensors and to evaluate biomo-
lecular recognition [13,14].
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Metal oxide nanoparticles exhibit unique properties, such as
increased surface area, magnetism, chemical reduction, ligand
sequestration and optical characteristics [15–17]. In general, mag-
netic nanoparticles have advantages such as good susceptibility,
dispersibility and the ability to be used in association with other
metal nanoparticles to obtain new properties without change in
its magnetic properties [18,19]. In addition, magnetic nanoparti-
cles covered by a thin gold layer have been used for isolation, puri-
fication or detection of genomic DNA [20]. In addition, magnetite
nanoparticles (Fe3O4Nps) offer a versatile tool for the development
of DNA-based electrochemical sensors [21]. The use of nanotech-
nology for the development of genosensors has attracted attention
due to potential applications in forensic identification, epidemic
prevention and disease diagnosis [22].

Self-assembled monolayers (SAMs) have been extensively used
in derivatization procedures to obtain versatile modified surfaces,
offering a molecular dimension with organization and homogeneity
[23,24]. Metal surfaces can be modified using SAMs based on
organic molecules that contain anchor groups such as thiols,
disulfides, silanes or acids to enhance the biomolecular stability.
Mercaptobenzoic acid (MBA) has an SH sulfhydryl functional group
that interacts with metal surfaces and a carboxylic acid group avail-
able for covalent interaction with nanostructures and biomolecules.
In this point of view, nanostructured sensors are an excellent alter-
native for new methods of diagnosis since they are rapid, inexpen-
sive, sensitive and present accurate identification [25,26].

In the present study, we developed a sensitive nanostructured
layer based on DNA probes chemically attached to Fe3O4Nps that
can be used for monitoring the hybridization of TB DNA. The
proposed sensor requires the use of small volumes and low con-
centrations of analyte. Amino functionalized Fe3O4NPs were
bound to the self-assembled monolayer of the MBA through 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxy-
succinimide (EDC/NHS) coupling. After that, 50-amino modified
DNA probes were chemically bound to the Fe3O4Nps–MBA-mod-
ified electrode using the EDC/NHS coupling method. The modifi-
cation of Fe3O4Nps with aminated groups was important to
provide covalent linkage between COOH MBA groups and NH2–
Fe3O4Nps. This assembly enabled electrode surface modification
to receive the biological sample in study. In addition, this cover-
age of the electrode is an efficient maintenance tool for the bio-
logical structure. Finally, the obtained sensor system was used
for specific detection of the genetic material of patients contam-
inated with M. tuberculosis. To the best of our knowledge, this is
the first report about TB diagnosis using Fe3O4Nps and MBA self-
assembled monolayers (SAMs). An overview of the fabrication
process of the biosensor is shown in Fig. 1. The assembly process
and sensor assays were characterized by CV, EIS and atomic
force microscopy.

2. Experimental

2.1. Materials

Ferric chloride, ferrous chloride, potassium ferri- and ferrocya-
nide were obtained from VETEC (Brazil). 3-Aminopropyltriethoxy-
silane (APTS) and MBA were purchased from Sigma–Aldrich (St.
Louis, USA). All chemicals and solvents were of analytical grade
and used as received, without further purification. Water used
was obtained from a Milli-Q plus (Billerica, USA) purification sys-
tem. TB samples were obtained from the stocks at the Laboratory
of Parasitology at Aggeu Magalhaes Research Center (Recife, Bra-
zil). All samples were previously characterized using RT-qPCR.
The sequence for the amine-modified DNA probes used for the
development of the biosensor was 50-TCAGGGGATGGGGCCTAG-30

[27].
2.2. Synthesis and chemical modification of Fe3O4Nps

Magnetite nanoparticles were synthesized using the coprecipi-
tation method of Fe3+ and Fe2+ [28]. 0.1 M FeCl3�6H2O and 0.5 M
FeSO4�7H2O were mixed in 200 mL of water under stirring for
30 min under N2 atmosphere. Subsequently, a 1.5 M NH4OH aque-
ous solution was added into the resulting mixture dropwise until
the liquid turned blackish, and was left under stirring overnight
at room temperature. The synthesized magnetite particles were
separated using magnetic field. NH2-modified Fe3O4Nps were
obtained according to the literature [29]. First, 0.2 g magnetite par-
ticles were dispersed in 90 mL of ethanol (50%) using an ultrasonic
bath. Afterward, 300 lL APTES and 500 lL NH4OH were added
dropwise to the previous solution. The resulting solution was
heated to 60 �C under a stream of nitrogen for 6 h with vigorous
agitation.

2.3. Immobilization of TB DNA probe and hybridization with genomic
DNA target

The bare gold disk electrode (BGE) with / = 2 mm (Microchimi-
ca, Brazil) was polished with alumina powder (0.05 lm), sonicated
in ultrapure water (18 MX cm�1) for 10 min and air dried. After-
ward, 2 lL MBA (5%) was dropped on the electrode surface until
dry to obtain MBA SAMs on gold surface. The carboxylic groups
presented in the MBA molecules were activated using an aqueous
solution containing 0.4 mmol L�1 EDC and 0.1 mmol L�1 NHS (1:1
v/v) for 20 min. Subsequently, the electrode was washed and
2 lL Fe3O4Nps was dropped on the MBA–EDC/NHS-modified
electrode, waiting 10 min to obtain the MBA–EDC/NHS–Fe3O4NPs
system. Then, MBA–EDC/NHS–Fe3O4NPs-modified electrode was
activated with glutaraldehyde to allow the immobilization of
DNA probetuberculosis, incubated for 30 min and washed with phos-
phate buffered saline (PBS). In addition, the specificity of the AMB–
Fe3O4Nps–DNA-probetuberculosis-modified electrode was evaluated
against genomic DNA target (Fig. 1) at different incubation times
(1, 10, 20 and 30 min).

2.4. Electrochemical measurements

Electrochemical data was obtained by a PGSTAT 128N potentio-
stat/galvanostat (Autolab, Eco-Chemie, Netherlands) interfaced
with an analyzer controlled by a computer. The experiments were
performed using a three-electrode system in a conventional cell
composed by a BGE platinum electrode and Ag/AgCl saturated with
KCl as working, counter and reference electrodes, respectively.
10 mM [Fe(CN)6]4�/[Fe(CN)6]3� (1:1) solution containing 0.15 M
NaCl was used as a redox probe in PBS (pH 7.4). CV measurements
were performed at potential range between +0.7 V and �0.2 V at a
scan rate of 50 mV s�1. EIS frequency ranges were between
100 mHz to 100 kHz with amplitude of the applied sine wave
potential of 10 mV. Electrochemical measurements were carried
out at room temperature and inside a Faraday cage. All experi-
ments were performed in triplicate using at least three different
sensors.

2.5. Atomic force microscopy measurements

Structural analysis of the sensor was performed by an atomic
force microscope (Agilent AFM, Picoplus Molecular Imaging, USA)
[7]. Cantilevers with a silicon AFM probe (Multi 75AL, NCHR,
resonant frequency = 75 kHz, force constant = 3 N m�1) were used
for the noncontact mode AFM in air at room temperature (approx-
imately 25 �C). Lateral resolution was set to 512 � 512 pixels in a
scan area of 5 � 5 lm. To eliminate artifacts, images were obtained



Fig. 1. Schematic representation of the fabrication process of the biosensor.
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from at least two macroscopically-separated areas on each sample
and analyzed using AFM Gwyddion software [30].
3. Results and discussion

3.1. Morphological analyses

Atomic force microscopy was used to confirm the self-assem-
bled process of the biosensor construction and investigate the
changes of the surface morphology of the sensor system before
and after interaction with TB genomic DNA samples. After the
adsorption of the Fe3O4Nps nanoparticles on the solid substrate
surface, the smooth surface morphology of the clean substrate
was modified due to the presence of dispersed particles (Fig. 2a).
It was observed that the small particles had z-average diameter
values of 15 ± 1.7 nm, similar to previous studies [31]. In sequence,
the interaction of the Fe3O4Nps with the oligonucleotide sequence
resulted in the increase of the surface roughness (Fig. 2b) and z-
average diameter values of 21 ± 2.2 nm. The difference of �6 nm
corresponded to the height of oligonucleotides comprised by 18
bases [32]. Of note, amino groups on the surface of the Fe3O4Nps
were used not only as covalently linked groups, but also as protec-
tive groups [33].
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The specific interaction with samples from patients contami-
nated with TB resulted in a dramatic change in the morphology
and heterogeneous surface with the presence of some peaks, indi-
cating that the TB sample was successfully recognized on the sen-
sor surface (Fig. 2c). On the other hand, Fig. 2d shows the
morphology for a non-complementary target where there were
no significant changes on the sensor surface. Therefore, our results
confirm the specificity of the sensor, since the nonspecific adsorp-
tion on the DNA modified-biosensor surface was not significant.

3.2. Electrochemical characterization

CV is an effective method for providing information for the
changes in electrode behavior after each step of modification, since
the changes in peak current and the separation of peak potentials
are related to electron transfer resistance [6]. Each step of surface
modification was monitored by CV using a Fe(CN)6

3�/Fe(CN)6
4� solu-

tion containing 0.15 M NaCl in PBS (pH 7.4) as a redox probe (see
Fig. 2).

CV and EIS spectra of the stepwise electrode surface modifica-
tion are shown in Fig. 3. As shown in Fig. 3a, the redox probe
Fe(CN)6

3�/Fe(CN)6
4� revealed a reversible cyclic voltammogram for

the gold electrode. A decrease in the current response was
observed after the modification of BGE by MBA, due to the repul-
sion effect between the negative charges of MBA and the redox
pair. MBA SAMs are an excellent alternative to enhance the geno-
sensor performance due to the presence of the aromatic ring [34].
In addition, the carboxylic group can be used for the covalent link-
age of biomolecules and act as an anchor for interfacing the mod-
ified magnetic nanoparticle [34,35]. Previously, some authors [36]
reported no difference in electrode surface coverage using MBA
after a prolonged adsorption time due to the formation of stable
and ordered MBA films. In addition, the presence of aromatic thiols
can lead to the establishment of p-stacking [37]. Metal nanoparti-
cles, such as Fe3O4Nps, can be oxidized or reduced electrochemi-
cally resulting in enhanced sensitivity of the biosensor [38].
Voltammograms have demonstrated a quasi-reversible behavior
after the presence of Fe3O4Nps–MBA at the electrode surface when
compared with cleaned electrode. Subsequently, the electrode was
activated by the co-addition of NHS and EDC coupling agents.

The negatively charged terminal carboxylic group of MBA was
replaced by NHS ester. Thus, the carboxylic group replacement con-
tributed to the electrostatic attraction between the neutrally/posi-
tively charged NHS ester and the negative redox probe resulting in
Fig. 2. 3D and 2D AFM images of the BGE coated with Fe3O4Nps (a), Fe3O4Nps–probe (b
probe non-complementary DNA (d), with the corresponding cross section.
increased current response [39]. The amperometric response
decreases after the binding of Fe3O4Nps to MBA monolayers, since
the penetration of the redox probe is reduced. This modification
decreased the current peaks and the presence of Fe3O4Nps at elec-
trode surface, promoting a biocompatible layer for biosensor devel-
opment. In addition, after the DNA probe immobilization and DNA
target hybridization, the anodic and cathodic peaks were reduced.
The decrease in the amperometric response of the sensor system
was attributed to the blocking effect of biomolecular recognition
that reduces the electron transfer of the redox pair (Fig. 3a).

EIS can provide further information for the impedance changes
during the modification process and is an effective way to measure
to electron transfer resistance (RCT) [8]. RCT corresponds to the
semicircle diameter of the Nyquist diagram. EIS was carried out
to characterize the assembly process on the BGE surface in the
frequency range of 100 mHz to 100 kHz.

Complex impedance plots of BGE and stepwise electrode mod-
ification are shown in Fig. 3a. Fig. 3b shows the Nyquist plots for
each step of assembly. Cole–Cole semicircle is composed by two
well-defined regions at higher and lower frequencies, correspond-
ing to the electron transfer-limited and diffusion-limited electron
transfer processes, respectively. The MBA impedimetric response
showed greater interfacial electron transfer resistance (RCT = 175 -
kX), indicating that the adsorbed layer obstructed the electron
transfer of the electrochemical probe. The modification of the
MBA layer using NHS/EDC coupling agents resulted in a decrease
of the RCT (RCT = 14.50 kX). After the immobilization of the Fe3O4-

Nps on AMB-modified electrode an increased in the RCT = 29.50 kX
was obtained. As expected, after the coupling of Fe3O4Nps–AMB-
modified electrode with DNA probetuberculosis, the interfacial resis-
tance increased remarkably (RCT = 168.0 kX). EIS data indicated
the presence of molecules at the electrode surface, where the
amount of material immobilized and adsorbed reflected the
increase in impedance response. Furthermore, the layers were suc-
cessfully assembled on the BGE surface.

In addition, the time of incubation and hybridization have an
important role for the performance of biosensor. Of note, the
incubation period is involved in the rate of available molecules
for biomolecular recognition. A detailed study to determine the
incubation time was carried out (Fig. 3c). In our study, the
increased time of incubation resulted in an increase in the electro-
chemical response. Estimates of the best response were based on
tendency of plateau of the RCT of DNA probetuberculosis versus time
of incubation.
), MBA–Fe3O4Nps–DNA-probe-complementary DNA (c) and MBA–Fe3O4Nps–DNA-



Fig. 3. Cyclic voltammograms (a) and Nyquist plots (b) of the stepwise immobi-
lization of the MBA–Fe3O4Nps–DNA-probe: bare gold electrode (j), MBA-modified
gold electrode (N), MBA–EDC/NHS (�), MBA–Fe3O4Nps (�), MBA–Fe3O4Nps–EDC/
NHS (s) and MBA–Fe3O4Nps–DNA-probe (+). RCT of DNA probe-tuberculosis versus
time of incubation (c). The impedance spectra were taken in 10 mM [Fe(CN)6]4�/
[Fe(CN)6]3� 1:1 + 0.15 M NaCl in 10 mM PBS (pH 7.4) in the frequency range from
100 mHz to 100 kHz.

M.P. Costa et al. / Journal of Colloid and Interface Science 433 (2014) 141–148 145
3.3. Detection of TB genomic DNA target

Fig. 4 shows the representative voltammograms and Nyquist
diagrams of the genosensor exposed to different concentrations
of TB genomic DNA target. Fig. 4a shows the CVs for the sensor sys-
tem at different concentrations of genomic DNA target. After the
modification of the electrode surface and the DNA target recogni-
tion process, a decrease was observed in the CV peaks of the redox
probe followed by an increase in the peak-to-peak separation
(Fig. 4a). The extent of adsorption can be expressed in a relative
percent deviation (RPD),

Ið%Þ ¼ ½ð1=IbÞ � ð1=IaÞ
ð1=IbÞ ð1Þ

where Ib and Ia correspond to the anodic peak current before and
after the hybridization process, respectively. Table 1 shows the
result of RPD for the MBA–Fe3O4Nps–DNA-probe-modified elec-
trode before and after the reaction with different concentrations
of DNA target.

A more detailed study was carried out for different TB genomic
DNA target concentrations, demonstrating that specific DNA inter-
action can be quantitatively assessed by the sensor (Fig. 4b and d).
Curves d–h (Fig. 4b) represent the concentration of TB genomic
DNA target (6, 12, 20, 30 and 40 ng lL�1). RCT increased along with
the increase of TB DNA target concentration as shown in curves d–
h (Fig. 4b).

The electrochemical impedance diagrams (Nyquist plots) were
subjected to an analysis of data through EQUIVCRT[40], from
which theoretical curves were obtained for each system as a valu-
able tool to explore the interfacial behavior of the sensor system in
the recognition of TB DNA target sequences. The experimental
spectra were fitted using a modified Randles equivalent circuit
(Fig. 4c). Warburg impedance (ZW) represents the impedance of
semi-infinite diffusion of the redox probe to the electrode. The
ohmic resistance of the solution (RX) is associated with the bulk
properties of the electrolyte solution. Constant-phase element (Q)
represents the behavior of a double layer for a non-homogeneous
system. Electron transfer resistance (RCT) is related to the dielectric
features of a material to charge transport.

The Bode plot demonstrates three types of elements of the
equivalent circuit (Fig. 4d). At the low frequency range the
response of the double layer capacitance represented by the phase
constant element was observed. A frequency region below 3 kHz
corresponded to RCT and the region above 20 kHz was related to
solution resistance. In this context, in the capacitance region of fre-
quency negligible changes in Q values were obtained during the
hybridization process at different concentrations of genomic DNA
target, showing a non-capacitive behavior of the bioelectrode.
MBA–Fe3O4Nps–DNA-probe modified electrode showed a well-
defined concentration-dependence curve for the TB genome
interaction.

The obtained results demonstrated that the biosensor retained
the capability to recognize the specific DNA target (Table 2). The
performance of the biosensor for detection of TB genomic DNA tar-
get was evaluated through the relative variation of the RCT (DRCT),
according to the equation:

DRCT ð%Þ ¼
RCTðrecogÞ � RCTðsensorÞ

RCTðsensorÞ
ð2Þ

where RCT(recog) is the value of the electron-transfer resistance after
the DNA target recognition, and RCT(sensor) corresponds to the RCT

value of the sensor layer. Sensitivity analysis for TB genomic DNA
target was evaluated from the DRCT results.

A linear relationship between the DRCT and DNA target concen-
tration was found (Fig. 5a) with the correlation coefficient of 0.98,
indicating that the interactions between probe and DNA target can
be sensed by the modified electrode. The detection limit of
6 ng lL�1 was estimated from the signal-to-noise characteristics
of these data (S/N = 3). The signal-to-noise ratio was obtained from
the impedimetric variation divided by the standard deviation [41].
The increase in DRCT seemed to present a profile of saturation
(Fig. 5a). Our detection limits were similar to previous reports that



Fig. 4. Cyclic voltammograms (a), Nyquist plots (b) and Bode plots (d) of the sensor system and its respective interaction with genomic DNA target at different concentrations.
Supporting electrolyte: 10 mM [Fe(CN)6]4�/[Fe(CN)6]3� 1:1 + 0.15 M NaCl in 10 mM PBS (pH 7.4) solution; scan rate of 50 mV s�1. Equivalent circuit (c) adopted to fit the
impedance data where RX is the ohmic resistance of the electrolyte solution, Q the phase constant element, ZW the Warburg impedance, and RCT the electron-transfer
resistance.

Table 1
Amperometric anodic shift for the sensor before and after the hybridization with TB genomic DNA target.

Samplea TB DNA target (ng lL�1) Before (1/Ib lA) After DI (%)

Sensor system – 0.312 – –
Sensor system-TB genomic DNA target 6 – 0.482 54.48
Sensor system-TB genomic DNA target 12 – 0.518 66.02
Sensor system-TB genomic DNA target 20 – 0.613 96.47
Sensor system-TB genomic DNA target 30 – 0.621 99.03
Sensor system-TB genomic DNA target 40 – 0.735 135.50

a Sensor system = AMB–Fe3O4Nps–DNA probetuberculosis.

Table 2
Values of the equivalent circuit elements from fitted impedance results.

Modified electrode TB DNA target (ng lL�1) RCT (kX) Q (lF) N

Bare gold electrode – 15.30 ± 0.21 3.20 ± 0.33 0.82 ± 0.05
AMB–Fe3O4Nps–DNA probetuberculosis – 29.50 ± 0.30 0.82 ± 0.02 0.89 ± 0.03
Sensor system-TB genomic DNA target 6 47.90 ± 0.40 0.77 ± 0.17 0.89 ± 0.09
Sensor system-TB genomic DNA target 12 70.00 ± 0.13 0.93 ± 0.02 0.88 ± 0.04
Sensor system-TB genomic DNA target 20 92.90 ± 0.22 1.92 ± 0.11 0.85 ± 0.02
Sensor system-TB genomic DNA target 30 154.0 ± 0.34 1.44 ± 0.30 0.86 ± 0.02
Sensor system-TB genomic DNA target 40 168.0 ± 0.65 1.66 ± 0.80 0.85 ± 0.04
Sensor system-non complementary DNA target – 15.30 ± 0.15 1.88 ± 0.44 0.84 ± 0.04

Sensor system = AMB–Fe3O4Nps–DNA probetuberculosis.
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used electrochemical techniques for the specific detection of the TB
DNA target [42,43]. However, these reports had limitations based
on the identification of only a small tuberculosis-specific DNA
fragment [42] or necessity of Co(phen)3

3+ indicator binding to the
biorecognition analysis [43]. On the other hand, gold nanoparticles
associated with nucleotide probes have been used in colorimetric
assays to identify TB DNA with a detection limit of 18.75 ng lL�1

[44], but the cost per test corresponds to �70–120% of RT-PCR.



Fig. 5. DRCT% of the sensor system after exposure to different concentrations of TB
genomic DNA target (a) and h as a function of concentration of DNA target (b).
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We can observe that the filling of the recognition sites by DNA
target surface coverage (h) can be calculated by:

h ¼ 1� RB

RC
ð3Þ

where RB is the charge transfer resistance for MBA–Fe3O4Nps–DNA-
probe biosystem and RC is the charge transfer resistance obtained
for different concentrations of the TB DNA target hybridized with
the biosensor. Fig. 5b shows a plot of h as a function of concentra-
tion of DNA target bound to the sensor. The value of h increases
with increasing DNA-target concentration and is found to be
�0.82 (82%) of the 40 ng mL�1 DNA target.

A regeneration study was performed by exposing the sensor to a
100 lL alkaline solution (0.5 M NaOH with 3 M NaCl) for 20 min
[45]. Of note. extra time for the dehybridization experiments was
necessary as compared to hybridization study, since it is necessary
disrupt the DNA base-stacking interactions [46]. The biosensor can
be regenerated for five cycles, allowing reuse until its loss of
hybridization capacity. The results revealed a relative standard
deviation (R.S.D.) of 1.32%, n = 3.

In addition, selectivity is a crucial factor to be considered for
DNA sensors. The selectivity of the biosensor was investigated by
monitoring changes in the RCT response by incubating with com-
plementary and non-complementary DNA sequences (Fig. 4c,
curve c). We used non-complementary genomic DNA from Leish-
maniasis as a negative control. The interaction of the biosensor
with a non-complementary DNA sequence (negative control)
resulted in an insignificant RCT value, revealing the selectivity of
the bioelectrode. The reproducibility of the DNA sensor using at
least three DNA sensors fabricated independently at the same
conditions was evaluated. An acceptable R.S.D. of �5% was
obtained, suggesting that the DNA sensor is reproducible. Our
results indicate the applicability of the MBA–Fe3O4Nps layer as
an excellent matrix to immobilize biomolecules for the develop-
ment of a useful biosensor for tuberculosis using small volumes
of samples.
4. Conclusions

The impedimetric response demonstrates the success of the
modification process on the electrode surface. The TB DNA sensor
showed an increased impedimetric response to increasing target
DNA concentrations. The sensitivity of the biosensor for TB geno-
mic DNA target was 6 ng lL�1. The biosensor showed acceptable
performances for the determination of TB DNA target, exhibiting
low detection limit, selectivity and reproducibility in the DNA
hybridization assay. The proposed biosensor has advantages such
as operation convenience, capability of analyzing small quantities
of biological material within minutes and the possibility for use
in a miniaturized format. We believe that the present results are
an important basis for the development of sensitive DNA sensors
and a useful strategy for tuberculosis diagnosis using clinical
samples.
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